Column DNA extraction. Following the specified disruption and digestion steps, 250 l 100% Ethanol was 153 added and briefly mixed by vortexing, prior to applying the cell lysates to Qiagen Mini DNA Spin columns 154 (Qiagen). The columns were washed twice with a column volume of buffer AW (Qiagen) by centrifugation 155 at 17000 rcf for 1 min and residual alcohol removed with a third spin without wash buffer. DNA was then 156 eluted from the column in 60 l warm Tris-EDTA (TE) buffer.
157

Confirmation of protocol components in aggregate analysis
158 For 4 subjects (2 male and 2 female), >60 ml of urine were obtained and divided into 1 ml samples within 159 1 h of sample collection. Twenty unique conditions were analyzed following centrifugation at one of three 160 centrifugation conditions: 1) 1500 rcf for 15 min., 2) 5000 rcf for 20 min., or 3) 16000 rcf for 10 min. The 161 resulting pellets were frozen and stored at -80˚C. 20 unique combinations of the conditions explored in 162 initial, iterative analysis were performed, with inclusion or exclusion of the individual enzymatic 163 treatments, mechanical and thermal disruption steps, and proteinase digestion in almost all 164 combinations. For this panel of conditions, carrier DNA was included in all samples to provide better 165 discrimination of differences in these low volume samples.
166
Relative DNA yields for each condition were determined by fungal-specific qPCR as specified above; for 167 each sample, yields were scaled to equal variance for all samples to allow plotting of the median yields 168 for each condition as a heat map.
169
Determination of optimal sample volume 170 Large volume urine samples (>100 ml) from 3 male and 3 female subjects were mixed well and subdivided 171 into 1, 2.5, 5, 10, 25, and 50 ml aliquots. Each sample was centrifuged at 1500 rcf and the supernatant 172 decanted. After pelleting, all samples were identically processed using the optimized protocol detailed 173 above. All aliquots for an individual subject were processed in batches to minimize batch-to-batch variation. The resulting fungal DNA concentrations were then quantitated by qRT-PCR. Taxal diversity was 175 also examined by 2% agarose gel electrophoresis.
177
Sample subdivision and pooling
178
To evaluate if processing lysates in smaller volumes provided increased DNA yields, samples were 179 subdivided into smaller aliquots after mechanical disruption. Seven identical urine specimens were 180 pelleted, digested with lysozyme and lyticase, then subjected to bead beating with a mixture of silica 181 beads as detailed above. Sample quantities ranging from 100 l to 400 l (of an approximately 500 l total 182 lysate volume) at 50 l intervals were aspirated off of the beads and subjected to thermal disruption, 183 proteinase K digestion and DNA-column binding and elution.
184
To examine if total DNA yields could be increased by pooling these smaller aliquots, sample lysates were 185 subdivided into two 250 l aliquots after mechanical disruption, then subjected to thermal disruption and 186 proteinase digestion separately. These two samples were then applied to either a single DNA-binding 187 column in succession or to two separate columns, eluted and pooled after elution. Overall and fungal-188 specific DNA yields were then measured using NanoDrop DNA quantitation and fungiquant qRT-PCR. 
195
Comparison with commercial methods subjects were divided into four 30 ml specimens and pelleted by centrifugation at 1500 rcf. Mid-vaginal 200 swabs were obtained from female subjects using FloQSwabs (Copan Diagnostics). Swabs were gently 201 agitated for 30 min in 500 l enzyme buffer (0.5 M Tris, 1mM EDTA, and 0.2% 2-mercaptoethanol, pH 7.5), 202 before removing the swab; the resulting cell suspension was then processed as for urine specimens. The 203 identical urine samples and vaginal swabs were processed according to the manufacturers' protocols for 204 each kit or using our optimized protocol. Fungal and bacterial DNA yields in the eluents were then 205 assessed by qPCR as specified above.
206
Microbial Sequencing Analysis.
207
Library Generation. DNA was isolated from urine using the specified protocols as described above. Fungal 208 ITS1 and bacterial 16S regions amplicons were generated by PCR using the primers below modified to 209 include Nextera XT v2 barcoded primers (Illumina) to uniquely index each sample. PCR reactions utilized 210 Platinum SuperFi DNA Polymerase (Invitrogen) according to the following protocol: initial denaturation at 211 94˚C for 10 min, followed by 40 cycles of denaturation at 94˚C for 30 s, annealing at 48˚C for 30 s, and 212 elongation at 72˚C for 2 min., followed by an elongation step at 72˚C for 30 min. 
241
Sequential optimization of fungal DNA extraction
242
To optimize the procedure of isolating urinary microbial DNA, we began with a protocol described in the 243 initial isolation of bacteria from urine specimens, [5, 32] . Small volumes of urine were initially centrifuged 244 to concentrate cells and microorganisms, then subjected to DNA extraction using a standardized kit 245 involving DNA binding and elution from an affinity column. Figure 1A ).
273
These disruption steps were followed by an additional digestion step with Proteinase K, a broad-spectrum 274 serine protease, to remove any protein contamination and inactivate any remaining DNAase activity prior 275 to cell and nuclear lysis. We tested a range of proteinase concentrations; while inclusion of the enzyme 276 was important in enhancing DNA extraction efficiency, varying the proteinase concentration had much 277 less effect. While a concentration of 24 mAU/ml (0.8 g/ml) tended to provide the best results, a range 278 of concentrations from 12-144 mAU/ml (4.8 g/ml) did not differ significantly in their enhancement of 279 DNA recovery (data not shown).
280
To maximize DNA recovery, we also evaluated the addition of carrier DNA. Because naturally occurring 281 carriers, such as salmon sperm DNA, contain rDNA sequences with partial homology to other eukaryotic 282 DNA, we chose a synthetic carrier, polyadenylic acid, which has shown efficacy in enhancing recovery of 283 low abundance DNA from human biological samples.
[43] Supplementation of carrier DNA increased both 284 overall (data not shown)and fungal-specific DNA yields 2-4 fold across all samples ( Figure 1C ). The best 285 combination of all techniques tested resulted in an almost 14-fold increase in fungal DNA yields, 286 comprising an optimal protocol utilizing low-speed centrifugation, enzymatic, mechanical, and thermal 287 cell wall disruption, inclusion of carrier DNA, and proteinase K digestion in combination.
288
Confirmation of protocol on standardized samples Each of the individual conditions noted to increase DNA yields were tested in aggregate on a panel of 290 urine specimens from both male and female patients. Large volume (>75 ml) urine specimens from 4 291 subjects (2 male and 2 female) were divided into small equal aliquots (1 ml), and then processed in parallel Figure 1C) . To determine the magnitude of the effect of sample volume on microbial yields and 311 community depth and diversity, we examined microbial profiles across a range of urine sample volumes.
312
Large volume urine specimens from individual subjects were divided into 1, 2.5, 5, 10, 25, and 50 ml 313 aliquots and processed in parallel according to our optimized protocol described above. Fungal yields 314 ( Figure 3A) were greatest with larger urine volumes. However, the optimal volume of initial urine was 25 16 315 ml, with 10 and 25 ml samples yielding substantially greater DNA concentrations than smaller or larger 316 amounts. Average yields across all specimens decreased in 50 ml samples.
317
Figure 3. Fungal community representation is influenced by specimen volume. (A) DNA was isolated from 318
a range of urinary volumes in male and female subjects (n=3 each) and assessed by qPCR for fungal DNA. 319
Calculated fungal DNA concentrations were calculated by normalization to a fungal standard. The optimal 320 concentrations were achieved using 25 ml urine specimens. *: P<0.05 in comparison to 1 mL yields. (B)  321 Following fungal DNA amplification by qPCR using broad-spectrum fungal primers, products from 25, 5 322 and 1 ml samples were assessed by 2% agarose gel electrophoresis. Standards indicating the PCR product 323 size are shown on the left. Each band represents unique taxa within the urinary fungal population. NPC: 324 no primer control.
325
We also assessed community complexity by gel electrophoresis following PCR-based amplification of the 326 fungal ITS1 rDNA region in which different sized products represent unique fungal taxa ( Figure 3B ). In 327 comparison to sample sizes of 5 ml or less, 25 ml provided a more comprehensive representation of the 328 range of fungal species with an increased number of bands of varying sizes representing unique taxa for 329 larger initial sample sizes. Across all volumes, urine from male subjects consistently demonstrated lower 330 yields. Only at the 25 ml volume were fungal DNA yields consistently above quality control thresholds.
332 333
Effect of urine storage and centrifugation conditions on DNA extraction efficiency
334
In handling urine, we sporadically observed after centrifugation a substantial, sand-like pellet of varying 335 colors. The appearance of this non-cellular pellet material was observed with refrigeration (>2 hours) of 336 urine samples prior to processing and with high-speed centrifugation (16,000 rcf). Post-centrifugation 337 pellets from larger urine volumes (>50 ml) also would frequently contain this material, even when pelleted 338 at lower speeds (1500-5000 rcf) and processed at room temperature. Microscopic examination of these 339 samples revealed a range of crystalline forms, typically amorphous urates or phosphates, depending on 340 urinary pH. When these microcrystal salts appeared, DNA quality, as assessed by OD 260 /OD 280 ratios, was significantly lower. Relative DNA yields were also consistently lower, suggesting that larger crystal burden 342 interfered with DNA purification. One such post-centrifugation specimen (shown in Figure 4A ) 343 demonstrates a red-orange, sandy pellet, the "brick-layer's dust" characteristic of amorphous urates. crystals characteristic of calcium oxalate could also be identified in urine (magnified in the inset picture), 362 but did not constitute the majority of the crystalline material.
363
As amorphous urates and phosphates can inhibit individual steps in DNA purification and PCR 364 amplification, we next sought to determine if varying processing volumes could minimize any impact of 365 these salt contaminants on DNA purification and subsequent PCR amplification. In addition, we 366 hypothesized that smaller sample volumes might be more effectively heated for thermal disruption. After 367 combined enzymatic treatment and mechanical cell wall disruption, we subdivided samples into varying 368 aliquot sizes for the two boil/freeze cycles, proteinase K digestion, and DNA isolation using a DNA-binding column. Volumes ranging from 25% to 80% (100-400 l in 50 l increments) of the total sample lysate 370 were applied to the spin columns before washing and DNA elution. Small sequential increases in DNA 371 yields were seen up to 250 l, but then plateaued, without additional increase in DNA yields with larger 372 volumes (Supplemental Figure 1A) .
373
Supplemental Figure 1 . Smaller volume sample processing and pooling increases DNA purification yields. 374
Standardized urine samples from 4 subjects were pelleted and processed using the optimized purification 375 protocol for enzymatic treatment and cell wall disruption. (A) Prior to the addition of proteinase K, varying 376 quantities of the total sample lysate were transferred to new tubes for digestion and DNA column binding. 377
Lysate quantities ≥250 l provided equivalent yields. (B) Prior to the addition of proteinase K, sample 378 lysates were divided into 250 l aliquots. Processing of a single 250 l aliquot (No pooling) was compared 379
to the results if the lysate was split into two aliquots and processed in parallel, then later pooled on either 380 a single DNA-binding column and eluted as a single sample (1 column) or purified separately on two 381 columns, eluted independently and then pooled (2 columns). Control samples were processed in parallel 382 and did not have any input cellular material.
383
These data suggested that a portion of the DNA in our samples was not either effectively digested or 384 binding to the extraction column. We therefore attempted pooling of subdivided samples; sample lysates 385 were divided into equal halves (~250 l) and processed in parallel before column binding. Lysates were 386 then either pooled onto a single column in two subsequent binding steps and eluted in a single elution or 387 bound and eluted from separate columns and pooled after elution. Pooling of two 200-250 l aliquots on 388 a single DNA column provided the best DNA yields (Supplemental Figure 1B) .
389
Our optimized method outperforms previously described and commercial DNA isolation methods.
390
We then evaluated our method in comparison to several commercial DNA kits commonly used for 391 microbial analysis. This optimized protocol yielded higher concentrations of DNA and greater species 392 diversity for fungal DNA than identical samples processed with the PSP® Spin Stool DNA Plus Kit, improved results, our initial attempts using these methods did not appear promising. 
460
We have also attempted multiple other variations on our protocol that are not described in this paper, 461 such as preheating the DNA elution buffer to 37˚C or performing a second elution from the DNA-binding 462 column in a small volume, as none of these possibilities made significant differences in the resulting DNA 463 concentrations. Our results without these additional steps were sufficient for genomic sequencing.
464
One drawback to these additional steps is that this protocol takes significantly more time than the 465 available commercial kits, 150-180 min in contrast to 75-90 min. The substantial improvement in the 466 quality and quantity of isolated microbial DNA, however, is clear, consistently providing reliable DNA for 467 NGS analyses of microbial populations.
468
The samples utilized as test specimens throughout this paper were voided. Contamination from nearby 469 sites, such as skin, urethra, and vagina (in women), can contribute heavily to the microbial content of
